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The human Hrs and STAM proteins comprise the
ESCRT-0 complex, which sorts ubiquitinated cell
surface receptors to lysosomes for degradation.
Here we report a model for the complete ESCRT-0
complex based on the crystal structure of the
Hrs-STAM core complex, previously solved domain
structures, hydrodynamic measurements, and
Monte Carlo simulations. ESCRT-0 expressed in
insect cells has a hydrodynamic radius of RH =
7.9 nm and is a 1:1 heterodimer. The 2.3 A˚ crystal
structure of the ESCRT-0 core complex reveals two
domain-swapped GAT domains and an antiparallel
two-stranded coiled-coil, similar to yeast ESCRT-0.
ESCRT-0 typifies a class of biomolecular assemblies
that combine structured and unstructured elements,
and have dynamic and open conformations to ensure
versatility in target recognition. Coarse-grained
Monte Carlo simulations constrained by experi-
mental RH values for ESCRT-0 reveal a dynamic
ensemble of conformations well suited for diverse
functions.
INTRODUCTION
Upon activation, many cell surface receptors are ubiquitinated
(Kirkin and Dikic, 2007; Piper and Luzio, 2007) and internalized
into early endosomes, from which they can be either recycled
or degraded in lysosomes. Receptors are committed to the lyso-
somal pathway through the endosomal sorting complexes
required for transport (ESCRTs) (Hurley, 2008; Nickerson et al.,
2007; Slagsvold et al., 2006; Williams and Urbe, 2007). The
ESCRTs direct the receptors into the lumen of multivesicular
bodies (MVB), which subsequently fuse with lysosomes. The
human ESCRT-0 complex consists of two subunits, Hrs (hepato-
cyte growth factor-regulated tyrosine kinase substrate) and
STAM (signal transducing adaptor molecule) (Asao et al.,
1997). Two STAM isoforms, STAM and STAM2 (Endo et al.,
2000), are present in humans. The depletion of Hrs in HeLa cells
by RNA interference (Bache et al., 2003b; Lu et al., 2003) impairs
the degradation of epidermal growth factor receptor (EGFR), as406 Structure 17, 406–416, March 11, 2009 ª2009 Elsevier Ltd All rigdoes either the genetic knockout of Hrs alone or STAM and
STAM2 together in mouse (Kanazawa et al., 2003). Drosophila
Hrs is essential for the degradation of EGFR and the Torso tyro-
sine kinase-linked receptor in Drosophila (Lloyd et al., 2002).
Hrs and STAM are modular, multidomain proteins with many
interaction partners (Figure 1). ESCRT-0 is targeted to endo-
somes via the FYVE (Fab1, YOTB, Vac1, and EEA1) domain of
Hrs, which specifically binds to the endosomal lipid PI(3)P (phos-
phatidylinositol 3-phosphate) (Misra et al., 2001; Raiborg et al.,
2001). Hrs binds to the endocytic components clathrin (Raiborg
et al., 2002) and EPS15B (Roxrud et al., 2008). Hrs binds to the
UEV (ubiquitin E2 variant) domain of the downstream ESCRT-I
complex (Bache et al., 2003a; Pornillos et al., 2003) via the
sequence motif PSAP (Figure 1). Hrs is the subject of molecular
mimicry by the HIV-1 virus, which recruits ESCRT-I to facilitate
budding by mimicking the Hrs PSAP motif (Pornillos et al.,
2003). ESCRT-0 binds ubiquitinated cargo via both subunits.
Hrs recognizes ubiquitinated cargos via its DUIM (double-sided
ubiquitin-interacting motif) (Hirano et al., 2006). STAM contains
ubiquitin-binding UIM and VHS domains (Mizuno et al., 2003)
and an SH3 domain that recruits the deubiquitinating enzymes
(DUBs) AMSH and UBPY (McCullough et al., 2006; Row et al.,
2006). The phosphoinositide (Stahelin et al., 2002), ubiquitin
(Bilodeau et al., 2002; Shih et al., 2002), ESCRT-I (Bilodeau
et al., 2003; Katzmann et al., 2003), and DUB (Ren et al., 2007)
binding properties of ESCRT-0 are largely conserved from yeast
to humans. By virtue of these interactions, ESCRT-0 serves to
bridge the upstream machinery of endocytosis, and the down-
stream apparatus for MVB biogenesis.
Although much progress has been made in reconstructing
essentially complete models of ESCRT-I (Kostelansky et al.,
2007) and ESCRT-II (Im and Hurley, 2008) by combining crystal
structures of fragments, hydrodynamic analysis, and modeling,
the structure of the ESCRT-0 complex has been unclear. Hrs
overexpressed in insect cells in the absence of STAM has
been reported to form a hexamer (Pullan et al., 2006). In contrast,
the complex of the minimal yeast Hrs and STAM fragments
required for mutual association formed a 1:1 heterodimer (Prag
et al., 2007). The yeast ESCRT-0 core consists of two domain-
swapped GAT domains connected by an antiparallel coiled-
coil (Prag et al., 2007). The implications of the yeast heterodimer
structure for human ESCRT-0 are unclear because human and
yeast Hrs lack statistically significant sequence identity within
the helical region involved in forming the core complex.hts reserved
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Structure of Human ESCRT-0xIn order to rectify this gap in understanding, we characterized
the hydrodynamic properties of both endogenous ESCRT-0
from HeLa cells and recombinant full-length ESCRT-0, and
found them to be 1:1 heterodimers. After mapping the minimal
complex, we determined the crystal structure of the 1:1 human
ESCRT-0 core complex and found it to be similar to the yeast
core complex, despite the lack of sequence identity between
the corresponding regions of the yeast and human Hrs cores.
Finally, experimentally constrained coarse-grained Monte Carlo
(MC) simulations were used to develop a structural model for the
complete ESCRT-0 complex. This information provides a starting
point for understanding the physical interrelationship of themany
interactions and activities of ESCRT-0.
RESULTS
The ESCRT-0 Complex in HeLa Cells
We sought to determine the size of the endogenous human
ESCRT-0 complex in order to compare it with the recombinant
complex. A HeLa cell lysate was precleared and applied to
a gel filtration column. Immunoblotting of column fractions using
anti-Hrs and anti-STAM antibodies revealed that both Hrs and
STAM elute in a single broad peak, centered at RH = 7.8–
8.4 nm (Figure 2A). The relative amounts of endogenous STAM
and Hrs in each fraction are closely correlated, indicating that
they comigrate with each other. The most straightforward inter-
pretation of these data, taken together with previous data
demonstrating that Hrs and STAM associate with one another
in cells (Asao et al., 1997; Bache et al., 2003b), is that the
predominant state of both Hrs and STAM is as subunits of the
assembled ESCRT-0 complex in HeLa cells.
Reconstitution and Hydrodynamics of ESCRT-0
The baculovirus-insect cell expression system was utilized to
coexpress full-length Hrs and STAM. Recombinant Hrs coeluted
withSTAMduringglutathioneS-transferase (GST) affinity chroma-
tography and size exclusion chromatography (SEC). SEC of the
purified complex showed a single peak at RH = 7.8 nm (Figure 2B).
The close agreement with the RH value for the endogenous
complex suggests the recombinant complex is correctly assem-
bled and is an appropriate model for the endogenous complex.
Multiangle light scattering (MALS) and equilibrium analytical
ultracentrifugation (AUC) were used to determine the oligomeric
state of the complete ESCRT-0 complex in solution. On the basis
of static light scattering, the experimental molecular mass was
Figure 1. The Hrs and STAM Subunits of the Human ESCRT-0 CompleStructure 17, 4found to be 140 kDa, consistent with a monodisperse complex
of 1:1 stoichiometry (Figure 2C). Sedimentation equilibrium
AUC confirmed the formation of a 1:1 monodisperse complex
and returned a molecular mass of 144 ± 3 kDa (Figure 3A). The
native molecular weight was also measured for a complex in
which both subunits were truncated following the C terminus
of the core domains, thereby removing large regions predicted
to have a random coil conformation. This DCT construct has
a reduced native molecular weight (Figure 3B, Table 1), consis-
tent with a 1:1 stoichiometry. In order to probe the solution
conformation of ESCRT-0, its hydrodynamic radius was
analyzed by quasielastic light scattering (QELS; Figures 2C
and 2D) and sedimentation-velocity AUC (Figures 3C and 3D),
in addition to the SEC analysis described above. Good agree-
ment was observed between the different approaches (Table 1).
From these data, we deduce consensus values of RH = 7.9 and
6.5 nm for the full-length and DCT complexes, respectively.
Overall, the RH values are consistent with an elongated, nonglob-
ular conformation of the complex.
Mapping the ESCRT-0 Core Complex
The DCT construct was used as the starting point to map the
minimal core complex responsible for ESCRT-0 assembly. Gel
filtration showed that both proteins were coeluted from a Ni
affinity column and co-migrated in size-exclusion chromatog-
raphy. Limited proteolysis of the DCT construct was used to
map theminimal regions required for Hrs and STAM heterodime-
rization. Based on this analysis, the predicted helical domains
(Figure 1) of both Hrs and STAM contain the only mutually inter-
acting regions of the two subunits. The boundaries of the core
complex responsible for 1:1 heterodimer formation were map-
ped to residues 398–514 of Hrs and 300–378 of STAM, respec-
tively.
Crystal Structure of the ESCRT-0 Core Complex
The structure of the core complex was determined at 2.3 A˚ by
a single isomorphous replacement with anomalous scattering
(SIRAS; Table 2, Figure 4A). The core contains one well-ordered
copy each of the Hrs and STAM subunits. The overall structure
has a barbell-like shape, with dimensions of roughly 95 3 15 3
15 A˚. The buried area is 3647 A˚2, which is 24% of the total
surface area. Similar to the crystal structure of the yeast
ESCRT-0 core complex (Prag et al., 2007), the two subunits
are intertwined to form two domain-swapped GAT domains
(Figure 4B). The overall rmsd for 110 superimposable Ca06–416, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 407
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1.58 A˚. One GAT domain (HHS) consists of a1 (residues 406–
429) and a3-N (residues 437–453) of Hrs, packing with a2-C
(residues 357–375) of STAM (Figures 4B and 4C). Hrs contains
a single turn helix, a2 (residues 432–436) that is not part of the
canonical GAT domain three-helix fold, although it is closely inte-
grated into the HHS bundle. The second GAT domain (SSH)
comprises a1 (residues 304–316) and a2-N (residues 327–336)
of STAM, together with a3-C (residues 470–498) of Hrs. The
two bundles are connected by an antiparallel coiled-coil formed
by the central portion of Hrs a3 and STAM a2 helices.
Ubiquitin Binding by ESCRT-0 VHS Domains
We followed up on the published finding that the STAM VHS
domain binds to ubiquitin (Mizuno et al., 2003), and took this
Figure 2. SEC and Light Scattering of
ESCRT-0
(A) Gel filtration chromatography of Hrs and STAM
in a HeLa cell extract. Each fraction from a Super-
dex 200 HR 10/30GL column was analyzed by
SDS-PAGE and immunoblotting with antibodies
against Hrs and STAM, as indicated. Correspond-
ing elution volumes of protein standards (670, 440,
232, 158 kDa) and the void volume are indicated.
Hydrodynamic properties of ESCRT-0.
(B) Gel filtration analysis of the recombinant full-
length ESCRT-0 complex showing elution at
RH = 7.8 nm.
(C) MALS analysis of ESCRT-0 complex eluted
from an SEC column. The absolute molar mass
versus elution time shows a peak at 140 kDa.
(D) RH versus elution time, obtained from SEC
coupled to online QELS detection.
finding as an inspiration to test whether
ubiquitin also bound to the Hrs VHS
domain. The STAM VHS domain binds
with low affinity (Figure 5) comparable
with that of other ubiquitin binding
domains in the ESCRT pathway (Hicke
et al., 2005; Hurley et al., 2006), whereas
the Hrs VHS domain does not bind to
ubiquitin.
Monte Carlo Simulation Analysis
of the ESCRT-0 Complex
We performed MC simulations of the full-
length ESCRT-0 and DCT construct
using the energy function and simulation
model of Kim and Hummer (2008) and
Prag et al. (2007). To obtain an equilib-
rium ensemble of the complex structures
consistent with the experimental hydro-
dynamic radius RH, a harmonic restraint
was added that shifted the mean RH
but approximately retained its variance
(Figure 6A). The simulations show
complex structures that are highly
dynamic and open (Figures 6B–6D),
consistent with the previous simulation study of the yeast
ESCRT-0 complex (Prag et al., 2007). In the unrestrained simu-
lations, the full-length ESCRT-0 and DCT construct yield RH =
6.8 ± 0.6 nm and 5.6 ± 0.5 nm. The mean maximum extent of
the full-length ESCRT-0 is 21.4 nm (Figure 7A), comparable
with values for full-length ESCRT-I and II. In order to assess
whether the structure was consistent with the possibility of
ubiquitin hand-off between ESCRT-0 and ESCRT-I, the
distance distributions between the ESCRT-I binding PSAP
motif and known or putative ubiquitin binding sites were
computed. The DUIM motif of Hrs is the closest ubiquitin
binding site to the PSAP motif, with a mean separation of
4.2 nm, consistent with its proximity in the primary sequence
(Figure 7B). The other two established ubiquitin binding sites
are distributed farther from the PSAP motif, with mean408 Structure 17, 406–416, March 11, 2009 ª2009 Elsevier Ltd All rights reserved
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Structure of Human ESCRT-0Figure 3. Analytical Ultracentrifugation of ESCRT-0
(A) Sedimentation equilibrium profiles for ESCRT-0 at 4.0C plotted as a distribution of the absorbance at 280 nm versus radius at equilibrium. Data were
collected at 8 (orange), 11 (yellow), and 14 (brown) krpm with a loading A280 of 0.28. The solid lines show the best-analysis in terms of a single ideal solute,
the corresponding residuals are shown in the plots above. This analysis returns a molecular mass of 144 ± 3 kDa, confirming that ESCRT-0 has a 1:1 Hrs:STAM1
stoichiometry.
(B) Sedimentation equilibrium profiles for DCT at 4.0C plotted as a distribution of the absorbance at 280 nm versus radius at equilibrium. Data were collected at
6 (orange), 10 (yellow), 14 (green), and 18 (brown) krpm with a loading A280 of 0.34. The solid lines show the best-analysis in terms of a single ideal solute, the
corresponding residuals are shown in the plots above. This analysis returns a molecular mass of 106 ± 2 kDa, confirming the 1:1 Hrs:STAM stoichiometry of the
DCT construct.
(C) Continuous c(s) distributions for the full-length ESCRT-0 complex at loading concentrations of 7.6 mM in 150 mM NaCl (blue) and 7.4 mM in 500 mM NaCl
(red), and for the DCT construct at a loading concentration of 10.4 mM (green). For the latter, the major species at 4.15 S corresponds to the 1:1 Hrs STAM
complex. The presence of a second species at 5.4 S is indicative of a weak DCT self-association as the contribution of this species increases with sample
loading concentration. For this reason, the value of the hydrodynamic radius obtained by dynamic light scattering was much larger than that determined for the
4.15 S species by sedimentation velocity.
(D) Dependence of the ESCRT-0 hydrodynamic radius with the sample loading concentration. Data obtained by sedimentation velocity in 150 mM NaCl (blue),
500 mMNaCl (green), or dynamic light scattering (red) in 500 mM NaCl are plotted as a function of the sample concentration and fit to a linear relation. The best-
fit straight line shown (r2 = 0.90) returns a zero concentration RH of 8.0 ± 0.05 nm. DLS data shown in red are the average of four separate measurements on the
same sample. The error is the standard error of the mean. SV data (blue, green) with error bars are the average of two separate runs. In the case where no error
bars are present, only one run was carried out.separations of 6.6 to 9.3 nm (Figure 7B). However, all of these
ubiquitin binding sites have nonzero frequencies of close
approach to the ESCRT-I binding site.
Table 1. Hydrodynamic Radius Measurements
Construct Hrs STAM SEC
RH (nm)
AUC-DLSa QELS
Full length 1-777 1-540 7.8 ± 0.10 8.0 ± 0.05 7.9 ± 0.10
DCT 1-557 10-390 6.6 ± 0.13 6.5 ± 0.05 6.5 ± 0.10
aRH for the full-length construct was obtained by extrapolating the sedi-
mentation velocity and dynamic light scattering values to zero concentra-
tion (Figure S1). RH for DCT is based solely on sedimentation velocity and
represents the average obtained from three concentrations. The full-
length construct showed evidence of concentration dependence,
whereas no such dependence was seen for the DCT construct. SEC
and QELS were carried out at much lower concentrations for both
constructs as described in Experimental Procedures, and were analyzed
at only one concentration value.Structure 17, 4We sought to determine to what extent the motions of the
domains in the ESCRT-0 complex are correlated with one
another. We calculated cross-correlation coefficients
Ci-core;j-core =

ri;corerj;core
 ri;corerj;core=si;coresj;core
of rigid domains i and j with
ri;core = logðRi;core=R0Þ;
where Ri,core is the distance between a domain i and the core
domain, R0 = 40 A˚ is an arbitrary reference distance, and si,core
is the standard deviation of ri,core. The domains within Hrs or
STAM tend to be close to each other in space (see Figure S1
available online) and show positive cross-correlations
(Figure S2). The positive correlations for domains i and j both
within either Hrs or STAM, Ci-core,j-core 0.3–0.9, indicate that
these domains tend to be jointly close to or far from the core
domain. In contrast, the domains of Hrs exhibit negative correla-
tions with those of STAM, albeit at smaller magnitudes06–416, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 409
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Structure of Human ESCRT-0Table 2. Statistics of Data Collection, SIRAS Phasing, and Crystallographic Refinement
Crystals Native Crystal I EMP Derivative (Crystal I) Native Crystal II
Constructs Hrs (398–514) Hrs (398–514)
STAM (282–387) STAM (301–387)
Space group I41 I41
Unit cell axes (A˚) a = b = 77.6, c = 153.0 a = b = 78.1, c = 152.9
X-ray source CuKa CuKa SER-CAT 22-ID
Wavelength (A˚) 1.5418 1.5418 1.0000
Resolutiona (A˚) 3.60 (3.80–3.60) 4.00 (4.30–4.00) 2.30 (2.38–2.30)
Number of unique reflections 5,210 7,481 20,041
I/s(I)a 9.6 (4.7) 6.7 (2.5) 23.4 (4.2)
Rsym
a (%) 13.4 (41.3) 14.1 (52.6) 7.7 (32.5)
Completenessa (%) 99.3 (97.1) 99.0 (97.7) 99.4 (95.6)
Phasing and Refinement
Figure of Merit
After SHARP 0.28
After RESOLVE 0.64
R factor (%) 23.5
Free R factorb (%) 25.3
Rms bond length (A˚) 0.016
Rms bond angle () 1.367
Average B-factors (A˚2)
Hrsc 42.4
STAMc 41.8
Additional helixc 41.5
Water 59.7
a Values in parentheses refer to the highest-resolution shell.
b Rfree is calculated for a randomly chosen 5% subset of reflections omitted from refinement.
c Residual B-factors after TLS refinement.(Figure S2; Ci-core,j-core 0.2). Possible reasons for these anti-
correlated domain motions are (1) effects of excluded volume,
which keep Hrs domains away from the core domain if STAM
domains are close and vice versa, and (2) competition between
the Hrs and STAM domains for weak interactions with the core.
To test the importance of steric effects, we have simulated the
complexwith only the repulsive part of the Lennard-Jones poten-
tial included, omitting the attractive part of the Lennard-Jones
potential andelectrostatic interactions, andomitting thehydrody-
namic restraints. Without attractive interactions the magnitudes
of cross-correlation coefficients are smaller (data not shown).
For the domains within Hrs or STAM connected by linkers, the
motions are less positively correlated, while the domains on Hrs
and STAMseparated by the core domain are essentially uncorre-
lated with 0.1 < Ci-core,j-core < 0. These results suggest that the
short-range attractive and electrostatic interactions positively
enhance the correlated interaction between Hrs and STAM
domains and the core, resulting in competition between Hrs
and STAM domains for the space close to the core. To check
whether choosing the core domain as a reference point biases
the correlation coefficients,wehavecalculated the 210 four-point
cross-correlationcoefficients,Cij,kl, for anydomaincombination i,
j, k, l. We found that the above results were retained independent
of the reference domain (data not shown). The cross-correlations
were plotted against the number of residues separating domain410 Structure 17, 406–416, March 11, 2009 ª2009 Elsevier Ltd All rpairs. For domains on different subunits, the number of residues
was counted to and from the closest point in the core where Hrs
and STAM make contact. The cross-correlations decrease
monotonically as the number of residues separating the domain
pairs increases. From this observation we conclude that the
separation in the primary sequence is the main factor affecting
the correlation of the three-dimensional location of the domains.
In other words, there are no persistent specific interactions
between different domains beyond what might be expected
from proximity in the primary sequence.
DISCUSSION
The first goal of this study was to address the functional oligo-
meric structures of the ESCRT-0 complex. In the ‘‘concentric
circle’’ model, ESCRT-0 is proposed to nucleate the higher-order
assembly of ESCRT complexes that is thought to direct the
invagination and scission of intralumenal vesicles (ILVs) (Nicker-
son et al., 2007). The stoichiometry of the ESCRT-0 complex is
thus a critical constraint on these models. In the event that the
ESCRT-0 complex functioned as a hexamer, as has been
reported for the Hrs subunit in isolation (Pullan et al., 2006),
this would imply that the larger assembly contained at least six
copies of ESCRT-I, six of ESCRT-II, and so on (Nickerson
et al., 2007). We found that recombinant human ESCRT-0ights reserved
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Structure of Human ESCRT-0Figure 4. Crystal Structure of the ESCRT-0 Core Complex
(A) The SIRAS synthesis following densitymodification and phase extension is contoured at 1.0s and shown superimposed on a backbonemodel of the ESCRT-0
structure.
(B) Overall structure of the ESCRT-0 core complex; Hrs is green, and STAM is purple.
(C) Overall structure of yeast ESCRT-0 core complex; Vps27 is blue, and Hse1 is orange.
(D) Superposition of human and yeast core complexes.
(E) The core domains were aligned based on three-dimensional structural superposition (Hrs, STAM, Vps27, and Hse1). Residues in the hydrophobic interface
between Hrs and STAM or Vps27 and Hse1 are colored in red. The STAM-specific motif of STAM (Mizuno et al., 2004) is highlighted in a blue box. Three residues
of Vps27 whose mutation blocks complex formation and function in yeast (Prag et al., 2007) are underlined.purified from insect cell culture is a 1:1 heterodimer. The RH
values for the recombinant ESCRT-0 and for endogenous
ESCRT-0 from human cell culture are essentially identical,
providing evidence that ESCRT-0 functions as a 1:1 heterodimer
in its endogenous setting. These findings are consistent with the
possibility that as few as one copy each of ESCRT-0, I, and II
could direct the formation of an ILV.
The human and yeast ESCRT-0 core complexes have nearly
identical three-dimensional structures. The similarity is especially
striking in view of the mere 5% sequence identity between the
core portions of human and yeast Hrs. Despite these differences,
residuespreviously found tobe critical for complex assembly and
sorting function in yeast ESCRT-0 map to structurally equivalent
buried residues in the human complex. The architectural simi-
larity in the complexes highlights the essential unity of ESCRT
architecture among the Opisthokonta (Leung et al., 2008). The
large divergence in Hrs sequences within the region of the core
complex recalls the high degree of drift in ESCRT-0 as opposed
to the more ancient ESCRT complexes (Leung et al., 2008).Structure 17,Modular proteins and protein complexes such as ESCRT-0
represent a large class that is often intractable using conven-
tional structural analysis. In order to obtain at least some infor-
mation on the solution conformation of the full complex, we
made every effort to determine the most accurate hydrodynamic
parameters possible for both full-length and truncated ESCRT-0.
Values of RH determined by SEC, QELS, AUC, and DLS were in
excellent agreement with each other for both forms of the
complex. The close agreement between RH values obtained
from different methods encouraged us to view these as appro-
priate constraints for computational modeling.
A compact, globular protein with a native molecular weight
equal to that of human ESCRT-0 (145 kDa) would be expected
to have RH 4.7 nm. The consensus experimental value we
obtained, 7.9 nm, is far larger, indicating that ESCRT-0 is not
globular and compact, but rather must have a rod-like character,
a flexible, open conformation, or both. A simulation analysis of
yeast ESCRT-0 (Prag et al., 2007) suggested that this complex
was in a highly dynamic, open conformation. The weakness of406–416, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 411
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Structure of Human ESCRT-0this analysis was that no hydrodynamic or other experimental
data were available on full-length yeast ESCRT-0, and it was
not possible to verify this prediction. Hydrodynamic data have
been used as constraints on ad hoc modeling of full-length
ESCRT-I (Kostelansky et al., 2007) and ESCRT-II (Im and Hurley,
2008) complexes, and we sought to build on this precedent with
more rigor. Here, we have modified a coarse-grained MC proce-
dure (KimandHummer, 2008) to incorporate anRH restraint term.
Taken together, the simulations and hydrodynamic data show
that human ESCRT-0 exists in solution as an ensemble of open
conformations. This flexibility is likely to impede efforts to deter-
mine the full-length ESCRT-0 structure at higher resolution by
electron microscopy or X-ray crystallography. Thus the hybrid
structural model presented here is likely to provide the best-
available structural information on the full complex for some
time to come. The lack of persistent inter-domain interactions
observed in the simulations is consistent with the absence of
biochemical evidence for intracomplex inhibition in the unubiqui-
tinated form of the complex. Hrs is regulated bymonoubiquitina-
tion, which is thought to lead to the intramolecular autoinhibition
of its ubiquitin binding domains (Hoeller et al., 2006). This regu-
latory mechanism implies a high level of flexibility, consistent
with our findings. The ESCRT-0 complex carries out a remark-
able number of molecular tasks and binds to a wide range of
cargo substrates of differing sizes and ubiquitination states.
The flexibility of the complex documented here seems ideally
suited to this diversity of function.
Two alternative mechanisms, which are not necessarily exclu-
sive of one another, have been proposed for the sorting of
ubiquitinated cargo by the ESCRTs (Hurley, 2008; Nickerson
et al., 2007; Slagsvold et al., 2006; Williams and Urbe, 2007). In
the ‘‘conveyor belt’’ model, cargo molecules are handed off
consecutively from one ESCRT complex to another. In contrast,
in the ‘‘concentric circle’’ model, multiple cargo molecules are
clustered and bound cooperatively to an assembly of multiple
Figure 5. Ubiquitin Binding to the VHS Domain of STAM
Binding isotherms showing ubiquitin binding to his-tagged STAM VHS domain
(Kd = 157 mM, black) and his-tagged Hrs VHS domain (binding not detectable,
red).412 Structure 17, 406–416, March 11, 2009 ª2009 Elsevier Ltd All riESCRT complexes. Structural analysis of the relatively rigid
ESCRT-I and ESCRT-II complexes strongly argues against
hand-off between these two complexes (Kostelansky et al.,
2007). However, the dynamics of the more flexible ESCRT-0
complex allow the ubiquitin binding sites on Hrs and STAM to
frequently approach the Hrs PSAP motif that is believed to
bind to ESCRT-I. This leaves open the possibility that cargo
hand-off could occur between these two complexes. In conclu-
sion, the structure of the central complex responsible for initi-
ating the ESCRT pathway in human cells has been elucidated,
and methodology has been advanced that should be applicable
to a broad class of multimodular proteins and complexes.
EXPERIMENTAL PROCEDURES
Fractionation of HeLa Cell Lysate
One plate of HeLa cells was harvested and cells were lysed on ice for 10min in
phosphate-buffered saline (PBS) buffer containing 0.6% b-octylglucoside,
1 mM dithiothreitol (DTT), 1 mM phenylmethanesulphonylfluoride (PMSF),
1mM DNase and protease inhibitor cocktail (Roche, pH 7.4). Lysate was pre-
cleared for 30 min at 100,000 3 g centrifugation at 4C. Supernatants were
loaded onto a Superdex 200 10/300 column in PBS buffer containing 0.1%
Tween 20, 0.5 mM PMSF, and 1 mM DTT (pH 7.4). Fractions were analyzed
by western blotting using an anti-Hrs monoclonal antibody (Alexis) and an
anti-STAM polyclonal antibody (Calbiochem).
Expression and Purification of Full-Length ESCRT-0
The mouse Hrs gene was subcloned into the PH cassette of pFastBac Dual
(Invitrogen), with an N-terminal His6-MBP tag followed by a TEV protease
cleavage sequence. DNA coding for human STAM fused to an N-terminal
GST and a TEV cleavage site was then subcloned into the P10 cloning site
of the same pFast Bac Dual to coexpress mouse Hrs and human STAM.
Baculovirus was generated and harvested according to the Invitrogen Bac-
to-Bac manual and used to infect Hi5 cells in culture medium supplemented
with 0.1 mM ZnCl2. Hi5 cells were harvested after 48–72 hr of infection. Pellets
were resuspended and lysed in PBS (pH 7.4) buffer containing 0.6% b-octyl
glucoside, 5 mM b-mercaptoethanol (bME), 1 mM DNase, 1 mM PMSF, and
complete protease inhibitor cocktail (Roche). The lysatewas clarified by centri-
fugation, applied to a glutathione-sepharose affinity column (GE Healthcare),
and the ESCRT-0 complex was eluted with 50 mM reduced glutathione. The
GST and His6-MBP tags were removed by TEV cleavage. The cleaved protein
was concentrated and applied to a Superdex 200 column (GE Healthcare).
Expression and Purification of Truncated ESCRT-0 Constructs
and Domains
DNA coding for fragments of human Hrs and STAM (Table 1 and see below
under Protein Crystallization) were subcloned into pST39 (Tan, 2001). STAM
was tagged with an N-terminal hexahistidine followed by a TEV protease
cleavage site. A DNA fragment coding for the VHS domain of human Hrs (resi-
dues 1–143) or STAM (residues 1–143) was subcloned into the pHIS parallel 2
vector (Sheffield et al., 1999) separately with an N-terminal His6-tag and a TEV
cleavage site. Plasmids were transformed into Escherichia coli Rosetta2 pLys
(DE3) cells (Novagen) and overexpressed in ZYM-5052 autoinduction medium
(Studier, 2005). Pellets were resuspended in 50 mM Tris-HCl (pH 8.0), 0.5 M
NaCl, 10 mM imidazole, 3 mM bME, and protease inhibitors (Sigma), and lysed
by sonication. The clarified supernatantwaspurifiedusingNi-NTAaffinity chro-
matography (QIAGEN). TEV protease was used to cleave the histidine tag and
was removed by a second passage through Ni-NTA resin. The complexes and
VHS domains were further purified on a Superdex 200 column (GE healthcare).
Size Exclusion Chromatography with Multiangle Light Scattering
(SEC-MALS)
SEC-MALS experiments were performed using an Agilent 1200 HPLC system
(Agilent Technologies), coupled to a Wyatt DAWN HELEOS-II MALS instru-
ment and aWyatt Optilab rEX differential refractometer (Wyatt). For chromato-
graphic separation, a TSK-GEL GMPWXL size-exclusion column (Tosoh) withghts reserved
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Structure of Human ESCRT-0a 20 ml sample loop was used at a flow rate of 0.5 ml/min in the same running
buffer, 10 mM HEPES (pH 7.0), 150 mM NaCl, and 1 mM TCEP. The outputs
were analyzed by the ASTRA V software (Wyatt). QELS signals, combined
with the protein concentration determined by refractive index, were used to
calculate the molecular mass of the complex. QELS data were collected by
HELEOS-II simultaneously to measure the hydrodynamic radius of the full-
length and truncated ESCRT-0 complex. The solvent viscosity was calculated
by the software SEDNTERP 1.09 (D.B. Hayes, T. Laue, and J. Philo; http://
www.jphilo.mailway.com/).
Analytical Ultracentrifugation
Sedimentation experiments were carried out on a Beckman Optima XL-A or
Beckman Coulter Proteome Lab XL-I. Sedimentation velocity experiments
on the DCT construct were conducted at 4.0C in 50 mM Tris HCl (pH 7.4),
150 mM NaCl, and 3 mM 2-mercaptoethanol at 0.35, 0.70, and 1.05 A280
and 55 or 60 krpm. Sedimentation velocity experiments on ESCRT-0 were
carried out at 20.0C in 10 mM HEPES (pH 7.0), 150 and 500 mM NaCl, and
1 mM TCEP at 0.25, 0.50, and 0.95 A280 at 50 krpm. Then 350–400 ml sample
Figure 6. Structural Model of the Complete ESCRT-0 Complex
(A) Distribution of the hydrodynamic radii for the full-length (blue) and DCT
construct (red) from unconstrained (dotted curves) and constrained simula-
tions (bars). The arrows indicate the experimental means.
(B–D) Three snapshots from the constrained MC simulation of the full length
complex. The conformations were superimposed on the basis of the core
complex.
Figure 7. Dynamics of ESCRT-0
(A) Distribution of extent (dmax) for the full-length (blue) and DCT construct (red)
from restrained simulations. dmax is defined as themaximumdistance between
any pair of residues in a given conformation.
(B) Distribution of the distance between the Hrs PSAP motif and the domains
Hrs DUIM (red), STAMUIM (green), Hrs VHS (blue), and STAM VHS (purple) for
the full-length (solid) and DCT construct (dashed) from restrained simulations.
The distances are measured between the centers of geometry of the domains.Structure 17, 406–416, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 413
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Structure of Human ESCRT-0was loaded into a double sector cell and scans were acquired as single 280 nm
absorbance measurements at 3 or 7 min intervals. Data were analyzed in
SEDFIT 11.71 in terms of a continuous c(s) distribution (Schuck, 2003) encom-
passing a range of 0.05–8.0 S with a resolution of 100 and a confidence level
(F-ratio) of 0.68. Excellent fits were obtained with root-mean-square deviation
(rmsd) values of 0.033–0.0059 absorbance units. The solvent densities and
viscosities, as well as the solute partial specific volumes, were calculated in
SEDNTERP 1.09. Corrected sedimentation coefficients s20,w were used to
determine hydrodynamic radii. Sedimentation equilibrium experiments were
conducted at 4.0C using six-channel centerpiece cells. Then 130 ml of each
of the ESCRT-0 (0.28 A280) and DCT (0.34 A280) in 10 mM HEPES (pH 7.0),
150 mM NaCl, 1 mM TCEP, 50 mM Tris HCl (pH 7.4), 150 mM NaCl, and
3 mM 2-mercaptoethanol, respectively, were analyzed. Data were acquired
at various rotor speeds as an average of four 280 nm absorbance measure-
ments with a radial spacing of 0.001 cm. Equilibrium was achieved within
54 hr and data were analyzed in SEDPHAT 4.3 (Lebowitz et al., 2002) in terms
of a single ideal species with excellent data fits.
Dynamic Light Scattering
The translational diffusion coefficient D was measured from the autocorrela-
tion analysis of the quasielastically scattered light. The 514.5 nm emission of
an argon ion laser (Lexel, Model 95) was used in the TEMoomode and adjusted
to an output power of 20 mW. Autocorrelation functions were collected over
a 5 min period at an angle of 90 and 18C using a Brookhaven Instruments
CorporationBI9000ATautocorrelator with sampling times of 1.4 ms–5ms. Then
200 ml ESCRT-0 (1.56 A280) or DCT (1.58 A280) samples in 10 mM HEPES
(pH 7.0), 500 mMNaCl, and 1 mM TCEP were analyzed in fluorescence micro-
cuvettes. Data indicated the presence of a single species, and the second
cumulant of the normalized autocorrelation functions, obtained using the
measured baseline, was used to calculate the hydrodynamic radius. Experi-
mentally measured and calculated baselines were, at most, within 0.06% of
each other.
Protein Crystallization
Crystal I was obtained from core construct a (Hrs[398–514] –STAM[282–387])
at 15mg/ml equilibrated against 12% dioxane, 0.1 M sodium acetate/sodium
citrate (80/20 ratio, v/v, pH 4.8) in hanging drops at a 1:1 ratio of protein:
precipitant. Crystals were cryoprotected in reservoir solution supplemented
Figure 8. Calculation of Hydrodynamic Radii
For nine different proteins in the range of 1 nm < RH < 6 nm, the hydrodynamic
radii from polymer theory scaled by g = 1.5 are plotted against radii calculated
from HYDROPRO (Garcia de la Torre et al., 2000).414 Structure 17, 406–416, March 11, 2009 ª2009 Elsevier Ltd All rwith 5% glycerol for 5min, then transferred into the solution with 25%glycerol,
and frozen in liquid N2. A heavy atom derivative was prepared by soaking form I
crystals in 1 mM ethyl-mercuric phosphate (EMP) for 4 hr. Crystal II was
obtained from core construct b (Hrs[398–514]/STAM[301–387]) at 13 mg/ml
equilibrated against 14% MPD, 100 mM CaCl2, and 0.1 M sodium acetate
(pH 5.0). Crystals were improved by microseeding into similar conditions
with 12%–14%MPD or 80–120mMCaCl2 and cryoprotected in reservoir solu-
tion modified to 22% MPD, and then frozen in liquid nitrogen.
Crystallographic Data Collection
and Structure Determination
Native and EMP derivative data from crystals grown in condition I were
collected with a Rigaku rotating anode home source and a R-AxisIV++
detector, and processed with XDS (Kabsch, 1993). One EMP site was found
using SHELXD (Schneider and Sheldrick, 2002) and SIRAS phases were deter-
mined using SHARP (Bricogne et al., 2003). High-resolution native data were
collected from crystal II at 2.3 A˚ at the SER-CAT beamline ID-22 at the
Advanced Photon Source. The experimental phases from Crystal I were trans-
ferred to the Crystal II dataset, and extended using RESOLVE (Terwilliger,
2003) to 2.3 A˚ resolution. The resulting electron density map allowed unambig-
uous tracing of the peptide backbone. An initial model was built with ARP/
wARP (Langer et al., 2008) and completed by cycles of model building with
COOT (Emsley andCowtan, 2004) and TLS refinement with REFMAC (Murshu-
dov et al., 1999; Winn et al., 2001). Water molecules were added manually.
During model building, a strong feature became apparent in difference maps
at the 3 s level. It was located close to the middle part of helix a2 of STAM,
and clearly indicated the presence of an additional a-helix in the crystal. Parts
of side chains up to Cb were visible in difference maps, fixing the directionality
of the helix. To identify the helical fragment, native crystals from condition II
were dissolved and analyzed by SDS-PAGE and mass spectrometry, showing
that no other protein was in the crystal, and that HRS(398–514) and
STAM(301–387) were still present with approximate 1:1 stoichiometry (data
not shown). Therefore, it is most likely that the helix corresponds to a poorly
ordered second copy of the core complex. The presence of a second copy
of the core complex into the asymmetric unit would lower the solvent content
to 50.4% and the VM value to 2.48 A3/Da, both well within the normal range.
The final core complex model, including portions of the second copy of the
core complex, was refined to R and Rfree values of 24.2% and 26%, respec-
tively, with good stereochemistry and no Ramachandran outliers. The struc-
tural figures were generated in PyMOL (DeLano, 2002).
Surface Plasmon Resonance
The binding of ubiquitin to his-tagged STAM and Hrs VHS domains was
measured using Biacore T100 instrument (Biacore). All surface plasmon reso-
nance experiments were carried out in the same buffer containing 10 mM
HEPES (pH 7.0) and 150 mM NaCl at a flow rate of 20 ml/min. Briefly, anti-
His antibody (R&D Research) was immobilized on CM5 sensor chips using
amine coupling, and then used to capture His-tagged proteins at surface
densities of 2000 response units. Various concentrations of bovine ubiquitin
(Sigma) were subsequently injected over each surface for 2 min. Between
injections, the chip was regenerated using 10 mM glycine (pH 1.5). The disso-
ciation constant, Kd, was determined using the steady-state affinitymodel with
BIA evaluation software 3.2 (Biacore).
Replica Exchange Simulations
An equilibrium ensemble of complex structures was obtained by performing
replica exchange MC simulations of the full-length ESCRT-0 and DCT
construct using the coarse-grained energy functions described previously
(Kim and Hummer, 2008; Prag et al., 2007). Starting models were derived
from the crystal structures of the Hrs VHS-FYVE construct (Mao et al.,
2000), the Hrs DUIM (Hirano et al., 2006), the Hrs-STAMcore described above,
the STAM2 VHS (Protein Data Bank [PDB] code 1X5B) and SH3 domains (PDB
code 1X2Q), and a model of the STAM UIM domain based on the Hrs DUIM
structure. The large C-terminal random coils and the long linkers were
modeled as Gaussian chains with excluded volume. For each system, a total
of 104 structures were saved for analysis from runs with 107 MC passes. To
test for convergence, three independent runswere performed on each system,
producing nearly identical results.ights reserved
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Structure of Human ESCRT-0To calculate RH values from the simulated structures, we used a scaled poly-
mer-theory expression (Yamakawa, 1971),
RH =gN
2=
*X
isj
1=rij
+
;
where rij is the distance between the Ca atoms of residues i and j, and N is the
number of residues. The scale factor g= 1:5 was obtained from a fit against RH
calculated from HYDROPRO (Garcia de la Torre et al., 2000) for various
proteins and complexes (nine proteins, 1 nm < RH < 6 nm, Pearson’s r =
0.99, maximum deviation 0.24 nm; see Figure 8). To obtain an equilibrium
ensemble of complex structures consistent with the experimental RH values,
we performed restrained simulations on the full-length ESCRT-0 and DCT
construct. Specifically, a harmonic restraint term kðRH  R0Þ2 is added to
the potential energy function, where RH is the instantaneous hydrodynamic
radius of a given conformation, in order to shift the mean RH values. We found
that k = 1 kBT/nm
2 and R0 = 9.7 nm for the full-length ESCRT-0 complex, and
k = 1 kBT/nm
2 andR0 = 8.3 nm for theDCT construct, providedmean RH values
consistent with experiments while approximately retaining the variances of
unrestrained simulations.
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